Halophilic archaea, also referred to as haloarchaea, dominate hypersaline environments. To survive under such extreme conditions, haloarchaea and their enzymes have evolved to function optimally in environments with high salt concentrations and, sometimes, with extreme pH and temperatures. These features make haloarchaea attractive sources of a wide variety of biotechnological products, such as hydrolytic enzymes, with numerous potential applications in biotechnology. The unique trait of haloarchaeal enzymes, haloenzymes, to sustain activity under hypersaline conditions has extended the range of already-available biocatalysts and industrial processes in which high salt concentrations inhibit the activity of regular enzymes. In addition to their halostable properties, haloenzymes can also withstand other conditions such as extreme pH and temperature. In spite of these benefits, the industrial potential of these natural catalysts remains largely unexplored, with only a few characterized extracellular hydrolases. Because of the applied impact of haloarchaea and their specific ability to live in the presence of high salt concentrations, studies on their systematics have intensified in recent years, identifying many new genera and species. This review summarizes the current status of the haloarchaeal genera and species, and discusses the properties of haloenzymes and their potential industrial applications.
SYSTEMATICS OF HALOPHILIC ARCHAEA
Halophilic micro-organisms are found in the three domains of life, and are extremophiles living in hypersaline environments in the presence of salt (generally NaCl) as a specific requisite for their growth [1] . Hypersaline environments contain higher salt concentrations than seawater (3.5 % total dissolved salts) [2] . According to the optimum NaCl concentration for growth, micro-organisms fall into one of the following categories: extreme halophiles with optimum growth at 15-30 % (2.5-5.2 M) NaCl; moderate halophiles with optimum growth at 3-15 % (0.5-2.5 M) NaCl; slight halophiles with optimum growth at 1-3 % (0.2-0.5 M) NaCl; non-halophiles with optimum growth at less than 1 % (0.2 M) NaCl; and halotolerant micro-organisms which are non-halophiles showing the ability to tolerate high NaCl concentrations [3] . Halophiles can live in hypersaline environments because they are able to sustain osmotic balance. They use two main strategies to withstand the adverse consequences of water loss when exposed to high salt concentrations. The first strategy used by extremely halophilic archaea (haloarchaea) and halophilic anaerobic bacteria such as members of Halanaerobiales is known as the 'salt-in-cytoplasm' strategy, during which salts such as NaCl or KCl accumulate in the cytoplasm at concentrations similar to the extracellular ones [4, 5] . Another mechanism to cope with high salt concentrations is the accumulation of organic molecules such as amino acids, sugars and polyols, known as compatible solutes or osmolytes. Compatible solutes are small and highly soluble molecules that can be accumulated at high concentrations inside cells without causing any harmful effects [5, 6] .
Most of the haloarchaea are orange-, red-or purplepigmented, because of isoprenoid-derivative pigments located in their membranes [7] . Haloarchaeal cell shapes are very diverse and can be observed as simple forms, such as rods, cocci or disks, or as more unusual forms, such as triangles, squares or the pleomorphs, especially when they are cultured at higher temperatures or the lower NaCl concentrations needed for their optimal growth [2, 8] . Haloarchaeal DNA is characterized by a high G+C content that stabilizes it in the face of the high cation concentrations in their cytoplasm [1] . All studied haloarchaea have polyploid genomes and this increased copy number strategy imparts ecological and evolutionary benefits such as protection against the negative effect of DNA damage caused by irradiation (X-ray), desiccation or mutagens. The genome copies can also be reduced and used as phosphate storage in phosphate-deprivation conditions [9] .
Glycosylation of haloarchaeal proteins is another adaptation of haloarchaea to high salinity. It has been shown that glycosylation of the S-layer in haloarchaea enables them to grow in media containing high salt concentrations and protects them against proteases. The type of sugars involved in N-glycosylation of the S-layer and the position in which these sugars are added to this glycoprotein are determined by the salinity of the surrounding environment. Further research should be directed towards protein glycosylation in haloarchaea to prove its role in the stability of haloproteins in extreme salty environments [10, 11] .
A large diversity of halophilic prokaryotes has been determined by both culture and culture-independent methods [2] , leading to a continuous increase of the number of known haloarchaeal genera and species. Conserved signature proteins and conserved signature insertions/deletions have been introduced as new phylogenetic markers for haloarchaeal classification. According to this classification, the class Halobacteria, within the phylum Euryarchaeota, is divided into three orders:
Halobacteriales, Haloferacales and Natrialbales [12] . Fig. 1 shows the haloarchaeal classification from phylum to genus levels. The genera Natribaculum, Halosiccatus, Halocalculus and Halovarius have not yet been categorized according to the above-mentioned phylogenetic markers. In the following sections, currently known species and genera belonging to the haloarchaea and their phenotypic characteristics are described.
Order Halobacteriales
The order Halobacteriales contains three families: Halobacteriaceae, Haloarculaceae and Halococcaceae. Halobacteriaceae members are Halobacterium (type genus of the family), Halorussus, Haladaptatus, Halalkalicoccus, Halarchaeum, Haloarchaeobius, Halorubellus, Halomarina, Natronoarchaeum, Halovenus, Salarchaeum and Salinarubrum.
The species of the genus Halobacterium are Hbt. vallismortis (isolated from salt pools, USA) [13] , Hbt. jilantaiense (isolated from a salt lake, China) [14] , Hbt. rubrum (isolated from a saltern, China) [15] and Hbt. noricense (isolated from a salt mine, Austria) [16] . Hbt. salinarum is the type species of the genus, with optimum growth at 3.5-4.5 M NaCl and 50
C. The cells are rod-shaped or pleomorphic [17] .
Halorussus is another genus and includes three species: Hrs. rarus (isolated from a marine solar saltern, China) [18] , Hrs. ruber (isolated from a salt lake, China) [19] and Hrs. amylolyticus (isolated from a salt lake, China) [20] . Hrs. rarus is the type species of the genus Halorussus, and it grows optimally at 37 C, 2.1 M NaCl and pH 7. The cells are rod-shaped and motile.
Haladaptatus paucihalophilus (isolated from a low-salt spring, USA) is the type species of the genus Haladaptatus. This haloarchaeon needs 3.1 M NaCl, pH 6.5 and a temperature of 30 C for optimum growth. The cells are non-motile and coccus-shaped [21] . Hap. litoreus (isolated from a solar saltern, China) [22] , Hap. pallidirubidus (isolated from saline soil, China) [23] and Hap. cibarius (isolated from fermented food, Republic of Korea) [24] are other species of the genus Haladaptatus.
There are three species within the genus Halalkalicoccus, including Hac. jeotgali (isolated from fermented food, Republic of Korea) [25] , Hac. paucihalophilus (isolated from saline soil, China) [26] and Hac. tibetensis (isolated from a saline lake, China) [27] . The latter is the type species of Halalkalicoccus and requires 3.4 M NaCl, 40 C and pH 9.5-10 for maximum growth. The cells are non-motile and coccus-shaped.
Halarchaeum acidiphilum (isolated from solar salt, Australia) [28] is the type species of the genus Halarchaeum. The cells of the strain are non-motile, pleomorphic and grow optimally at 37 C, pH 4.4-4.5 and 3.6-4.1 M NaCl. Hla. rubridurum (isolated from solar salt, Philippines) [29] , Hla. salinum (isolated from commercial salt, Indonesia) [30] , Hla. solikamskense (isolated from the foamy products of flotation enrichment of potassium minerals, Russia) [31] and Hla. nitratireducens (isolated from commercial salt, Japan) [32] are other members of this genus.
Haloarchaeobius amylolyticus (isolated from a solar saltern, China) [33] , Hab. salinus (isolated from a salt lake, China) [34] , Hab. litoreus (isolated from a solar saltern, China) [35] , Hab. baliensis (isolated from a solar saltern, Indonesia) [36] and Hab. iranensis (isolated from a saline playa, Iran) [37] are the currently known species of the genus Haloarchaeobius. The latter is the type species of the genus and needs 3.5 M NaCl, 40 C and pH 7.5 for maximum growth.
Halorubellus litoreus and Hrb. salinus were isolated from a marine solar saltern in China [38] . Hrb. litoreus is the type species of the genus Halorubellus and requires pH 7, 3.1 M NaCl and 37 C for maximum growth.
The only known member of the genus Halomarina is Hmr. oriensis (isolated from a seawater aquarium, Japan) [39] . The strain requires 2.7 M NaCl, pH 7-8 and 37 C for optimum growth.
Natronoarchaeum mannanilyticum (isolated from commercial salt, Japan) [40] is the type species of the genus Natronoarchaeum. It grows optimally at pH [8] [9] 37 C and in the presence of 4-4.5 M NaCl. Nac. philippinense (isolated from commercial salt) [41] and Nac. rubrum (isolated from a solar saltern, China) [42] are other species of this genus.
Halovenus aranensis (isolated from a hypersaline playa, Iran) [43] , Hvn. rubra (isolated from brown alga Laminaria, China) [44] and Hvn. salina (isolated from a saltern, Spain) [45] are members of the genus Halovenus. Hvn. aranensis is the type species of this genus and grows optimally at pH 7.5, 4 M NaCl and 40 C.
Natronomonas gomsonensis (isolated from saltern sediment, Republic of Korea) [46] , Nmn. moolapensis (isolated from a solar saltern crystallizer, Australia) [47] and Nmn. pharaonis (isolated from alkaline lake brine, Egypt) [48] are members of the genus Natronomonas. Nmn. pharaonis is the type species of the genus, and grows optimally at 45 C, pH 8.5 and 3.4 M NaCl.
Salarchaeum japonicum (isolated from commercial salt, Japan) is the only member of the genus Salarchaeum. The strain requires pH 5.2-6.3, 40 C and 2.5-3 M NaCl for maximum growth. The cells are motile and rod-shaped [49] .
Salinarubrum litoreum (isolated from solar salterns, China) is the only member of the genus Salinarubrum. The optimal growth conditions for this species are pH 7, 37 C and 2.6 M NaCl [50] .
The genera within the family Haloarculaceae are Haloarcula (type genus of the family), Halosimplex, Halomicroarcula, Halomicrobium, Halorhabdus, Halorientalis, Halapricum and Natronomonas. Halococcus is the only known genus of the Halococcaceae family [51, 52] .
Haloarcula vallismortis (isolated from salt pools, USA) is the type species of the genus Haloarcula [13] . The cells of this strain are motile, pleomorphic and grow optimally at 40 C. Har. argentinensis (isolated from salt flat soil, Argentina) [53] , Har. marismortui (isolated from the Dead Sea) [54] , Har. quadrata (isolated from a brine pool, Egypt) [55] , Har. amylolytica (isolated from a salt lake, China) [56] , Har. salaria and Har. tradensis (both isolated from fish sauce, Thailand) [57] , Har. hispanica (isolated from a solar saltern, Spain) [58] , Har. japonica (isolated from a saltern, Japan) [59] and Har. rubripromontorii (isolated from solar salterns, Puerto Rico) [60] are other species of this genus.
Halosimplex litoreum (isolated from a marine saltern, China) [61] , Hsx. carlsbadense (isolated from salt crystals, USA) [62] , Hsx. pelagicum (isolated from the brown alga Laminaria, China) [63] and Hsx. rubrum (isolated from the brown alga Laminaria, China) [63] are species of the genus Halosimplex. Hsx. carlsbadense is the type species of the genus with optimal growth in the presence of 4.3 M NaCl at [37] [38] [39] [40] C. The cells of this strain are motile and rod-shaped.
Halomicroarcula pellucida (isolated from solar salt, France) [64] is the type species of the genus Halomicroarcula. It grows optimally at 4.3 M NaCl, pH 7 and 40 C. Hma. limicola (isolated from a marine solar saltern, China) [65] and Hma. salina (isolated from a marine solar saltern, China) are other members of this genus.
Halomicrobium mukohataei (isolated from salt-flat soil, Argentina) is the type species of the genus Halomicrobium. This haloarchaeon grows optimally at [40] [41] [42] [43] [44] [45] C and 3-3.5 M NaCl [53, 66] . Hmc. zhouii (isolated from a marine solar saltern, China) [67] and Hmc. katesii (isolated from a lake, Chile) [68] are other members of this genus.
Halorhabdus tiamatea (isolated from the Red Sea) [69] , Hrd. utahensis (isolated from a salt lake, USA) [70] and Hrd. rudnickae (isolated from a salt-mining area, Poland) [71] are three members of the genus Halorhabdus. Hrd. utahensis is the type species of the genus and needs 4.6 M NaCl, 50 C and pH 6.7-7.1 for optimum growth.
Halorientalis regularis (isolated from artificial solar salterns, China) [72] is the type species of the genus Halorientalis and needs a temperature of 37 C, 3.1-3.4 M NaCl and pH 7-7.5 for optimum growth. Hos. brevis (isolated from a salt lake, China) [73] and Hos. persicus (isolated from a salt lake, Iran) [74] are other members of this genus.
Halapricum salinum (isolated from a solar saltern, Republic of Korea) is the only member of the genus Halapricum. The strain grows optimally at 3.4 M NaCl, pH 7 and 37 C [75] .
Halococcus morrhuae (different strains were isolated from salt lakes, seawater, salterns and salted products) is the type species of the genus Halococcus, with optimum growth at pH 7.2 [17] . Hcc. dombrowskii (isolated from a salt mine, Austria) [76] , Hcc. saccharolyticus (isolated from a marine saltern) [77] , Hcc. qingdaonensis (isolated from sea salt, China) [78] , Hcc. agarilyticus (isolated from commercial salt) [79] , Hcc. hamelinensis (isolated from stromatolites, Australia), Hcc. sediminicola (isolated from marine sediment) [80] , Hcc. salifodinae (isolated from a salt deposit, Austria) [81] and Hcc. thailandensis (isolated from fermented food, Thailand) [82] are other members of the genus Halococcus. There is a report on silver-nanoparticle synthesis by Hcc. salifodinae [83] .
Order Haloferacales
The order Haloferacales contains two families: Halorubraceae and Haloferacaceae. The family Halorubraceae includes the genera Halorubrum (type genus of the family), Halopenitus, Halobaculum, Halohasta, Halolamina, Salinigranum and Halonotius [51, 52] . The genus Halorubrum contains the largest number of species among all haloarchaeal genera and its properties are listed in Table 1 . There are some reports on potential biotechnological applications of the genus Halorubrum, such as poly-b-hydroxybutyrate (bioplastic) production [84] and archaeosome preparation from polar lipids derived from the Halorubrum membrane [85] .
Halogranum rubrum (isolated from a solar saltern, China) is the type species of the genus Halogranum [86] . Hgn. rubrum grows optimally at 37 C, 3.9 M NaCl and pH 7.5. Other members include Hgn. gelatinilyticum (isolated from a marine solar saltern, China) [87] , Hgn. salarium (isolated from salt, Republic of Korea) [88] and Hgn. amylolyticum (isolated from a marine solar saltern, China) [87] .
Halopenitus persicus (isolated from a hypersaline playa, Iran) [89] , Hpt. salinus (isolated from salted brown alga Laminaria, China) and Hpt. malekzadehii (isolated from a salt lake, Iran) [90] are members of the genus Halopenitus.
The type species is Hpt. persicus, which shows with maximum growth at 40 C, pH 7.5 and 3 M NaCl.
Halobaculum gomorrense (isolated from the Dead Sea) is the type species of the genus Halobaculum. The cells of the strain are rod-shaped, motile and grow optimally at 35-40 C in the presence of 1.5-2.5 M NaCl [91] . Hbl. magnesiiphilum (isolated from sea salt, Japan) [92] is another species of this genus.
Halohasta litorea (isolated from a marine solar saltern, China) and Hht. litchfieldiae (isolated from a lake, Antarctica) are two members of the genus Halohasta [93] . Hht. litorea is the type species and shows optimum growth at 40 C, 2.5 M NaCl and pH 7.
Halolamina pelagica (isolated from a saltern, China) [94] is the type species of the genus Halolamina. The strain grows optimally at 37 C, 3.4-3.9 M NaCl and pH 7-7.5. Other members of the genus are Hlm. salifodinae (isolated from a salt mine, China) [95] , Hlm. rubra (isolated from solar salt, Republic of Korea) [96] , Hlm. salina (isolated from a salt mine, China) [95] and Hlm. sediminis (isolated from a solar saltern, Republic of Korea) [97] .
Salinigranum rubrum (isolated from a solar saltern, China) is the only species within the genus Salinigranum, and shows optimum growth at 37 C, pH 7 and in the presence of 3.1 M NaCl [98] .
The only species of the genus Halonotius is Hns. pteroides (isolated from a solar saltern) [99] . It requires !3.1 M NaCl for optimum growth.
The members of the family Haloferacaceae are Haloferax (type genus of the family), Halobellus, Halogeometricum, Halogranum, Halopelagius, Haloplanus, Haloquadratum and Halosarcina [51, 52] .
Haloferax larsenii (isolated from a solar saltern, China) [100] , Hfx. elongans (isolated from microbial mats, Australia) [101] , Hfx. prahovense (isolated from a salt lake, Romania) [102] , Hfx. mucosum (isolated from microbial mats, Australia) [101] , Hfx. sulfurifontis (isolated from a spring, USA) [103] , Hfx. alexandrinus (isolated from a solar saltern, Egypt) [104] , Hfx. chudinovii (isolated from salt deposit, Russia) [105] , Hfx. denitrificans (isolated from salterns, USA) [106] , Hfx. gibbonsii (isolated from a solar saltern, Spain) [58] , Hfx. lucentensis (isolated from a saltern, Spain) [107] and Hfx. mediterranei (isolated from salterns, Spain) [108] are different species of the genus Haloferax. Hfx. volcanii (isolated from sediment from the Dead Sea) is the type species of the genus Haloferax. It requires 1.7-2.5 M NaCl and a temperature of 30 C for optimum growth [109] . Potential applications such as bioplastic synthesis [110] and antioxidant activity by means of canthaxanthin production [111] were reported for Haloferax species.
Halobellus clavatus (isolated from a marine solar saltern, China) is the type species of the genus Halobellus. The strain grows optimally at 37 C, 2.5 M NaCl and pH 7-7.5 [72] .
Other species are Hbs. limi (isolated from a marine solar saltern, China) [112] , Hbs. inordinatus (isolated from a marine solar saltern, China) [113] , Hbs. salinus (isolated from a marine solar saltern, China) [112] , Hbs. rarus (isolated from a salt lake, China) [114] , Hbs. rufus (isolated from a solar saltern, Republic of Korea) [115] and Hbs. litoreus (isolated from a solar saltern, China) [116] .
Halogeometricum rufum (isolated from a marine solar saltern, China) [117] and Hgm. borinquense (isolated from a solar saltern, Puerto Rico) [118] are species of the genus Halogeometricum. Hgm. borinquense is the type species of the genus and grows optimally with 3.4-4.3 M NaCl at 40 C.
Halopelagius longus (isolated from a salt mine, China) [119] , Hpl. fulvigenes (isolated from a lake, China) [120] and Hpl. inordinatus (isolated from a solar saltern, China) [121] are members of the genus Halopelagius. The latter is the type species of the genus Halopelagius and shows optimal growth at 37 C, pH 6.5-7 and 3.4-3.9 M NaCl.
Haloplanus natans (isolated from mixed water samples from the Dead Sea and the Red Sea) is the type species of the genus Haloplanus, and shows optimum growtrom alkaline lake brine, Egh at 3 M NaCl, pH 7 and 40 C [122] . All other species of the genus were isolated from marine solar salterns in China, including Hpn. vescus ND, not determined.
[123], Hpn. aerogenes [124] , Hpn. litoreus [125] , Hpn. salinus [126] and Hpn. ruber [125] .
Halosarcina pallida JCM 14848 T (isolated from a spring, USA) [127] and Hsn. limi (isolated from a saltern, China) [128] are two species of the genus Halosarcina. Hsn. pallida is the type species and shows optimum growth at 3.1 M NaCl, pH 6.5 and 35-37 C.
Haloquadratum walsbyi (isolated from salterns in Australia and Spain) is the only member of the genus Haloquadratum [129] . The cells of the species are non-motile and squareshaped. Optimum growth occurs at !3.1 M NaCl and 45 C.
Order Natrialbales The order Natrialbales contains only one family, Natrialbaceae, which contains the genera Natrialba (type genus of the family), Natrinema, Natronobacterium, Natronorubrum, Halovivax, Halobiforma, Halopiger, Halostagnicola, Haloterrigena, Natronolimnobius, Natronococcus and Salinarchaeum [12] .
Natrialba asiatica (isolated from beach sand, Japan) is the type species of the genus Natrialba [8] . The strain grows optimally at 50 C, pH 6.6-7 and 4 M NaCl. Nab. taiwanensis (isolated from solar salt, Taiwan) [8] , Nab. aegyptiaca (isolated from salt soil, Egypt) [8] , Nab. magadii (isolated from a saline soda lake, Kenya) [130] , Nab. hulunbeirensis (isolated from a soda lake, China) [131] and Nab. chahannaoensis (isolated from a soda lake, China) [131] are other members in this genus.
There are seven species within the genus Natrinema, including Nnm. ejinorense (isolated from a saline lake, China) [132] , Nnm. pallidum [133] , Nnm. gari (isolated from fermented food, Thailand) [134] , Nnm. altunense (isolated from a saline lake, China) [135] , Nnm. versiforme (isolated from a salt lake, China) [136] , Nnm. salaciae (isolated from a hypersaline lake in the Mediterranean Sea) [137] and Nnm. pellirubrum (isolated from salted hides) [133] . The latter organism is the type species of the genus, with rodshaped cells that grow optimally at 3.4-4.3 M NaCl and pH 7.2-7.8. Some strains of the genus Natrinema are halocin producers [138] .
Natronobacterium gregoryi, which shows optimum growth at 37 C, 3 M NaCl and pH 9.5, is the type species of the genus Natronobacterium. Other species are Nbt. texcoconense (isolated from soil, Mexico) [139] and Nbt. nitratireducens (isolated from a soda lake, China) [140] .
Natronorubrum texcoconense (isolated from soil, Mexico) [141] , Nrr. sediminis (isolated from hypersaline lake sediment, China) [142] , Nrr. aibiense (isolated from a salt lake, China) [143] , Nrr. sulfidifaciens (isolated from a salt lake, China) [144] , Nrr. tibetense (isolated from a soda lake, Tibet) [145] and Nrr. bangense (isolated from a soda lake, Tibet) [145] are species within the genus Natronorubrum. The latter is the type species of the genus and needs 3.8 M NaCl and pH 9.5 for optimum growth.
Halovivax asiaticus (isolated from saline lake sediment, China) is the type species of the genus Halovivax. The cells of the strain are pleomorphic, non-motile and require 37 C, pH 7-7.5 and 3.4 M NaCl for optimum growth [146] . Hvx. cerinus, Hvx. limisalsi (both isolated from a hypersaline lake, Iran) [147] , and Hvx. ruber (isolated from a saline lake, China) [148] are the other species of this genus.
Halobiforma haloterrestris (isolated from salt soil, Egypt) [149] is the type species of the genus Halobiforma. The species shows optimal growth at 3.4 M NaCl, pH 7.5 and 42
C. Other species within the genus are Hbf. nitratireducens (isolated from a soda lake, China) [140] and Hbf. lacisalsi (isolated from a salt lake, China) [150] .
Halopiger xanaduensis (isolated from a saline lake, China) [151] , Hpg. aswanensis (isolated from hypersaline soil, Egypt) [152] , Hpg. salifodinae (isolated from a salt mine, China) [153] , Hpg. goleamassiliensis (isolated from lake sediment, Algeria) [154] and Hpg. djelfamassiliensis (isolated from hypersaline lake sediment, Algeria) [155] are members of the genus Halopiger. Hpg. xanaduensis is the type species of the genus. It requires 4.3 M NaCl, 37 C and pH 7.5-8 for maximum growth.
Halostagnicola bangensis (isolated from soda lake sediment, China) [156] , Hst. alkaliphila (isolated from commercial rock salt) [157] , Hst. kamekurae (isolated from solar salt) [158] and Hst. larsenii (isolated from saline lake sediment, China) [159] are the four species of the genus Halostagnicola. The type species is Hst. alkaliphila, which shows maximum growth at 37 C, pH 7-8 and in the presence of 4.3 M NaCl. The cells are non-motile and pleomorphic.
Haloterrigena turkmenica (isolated in Turkmenia) [160, 161] is the type species of the genus Haloterrigena, and has coccus or oval-shaped cells that grow optimally at 45 C. Htg. longa [162] , Htg. limicola [162] (both isolated from a salt lake, China), Htg. hispanica (isolated from a salt lake, Spain) [163] , Htg. salina (isolated from a salt lake, China) [164] , Htg. thermotolerans [165] , Htg. saccharevitans (isolated from a salt lake, China) [166] and Htg. jeotgali (isolated from fermented food) [167] are other members of this genus.
Natronolimnobius baerhuensis (isolated from soda lakes, China) is the type species of the genus Natronolimnobius. The strain shows optimum growth at 37 C, pH 9 and 3.4 M NaCl. Another species of the genus is Nln. innermongolicus (isolated from soda lakes, China) [168] .
Natronococcus occultus (isolated from a soda lake, East Africa) [130] is the type species of the genus Natronococcus. The strain grows optimally at 3.5-3.6 M NaCl and 35-40 C. Ncc. roseus (isolated from a hypersaline lake, China) [169] , Ncc. jeotgali (isolated from Korean fermented food) [25] and Ncc. arnylolyticus (isolated from a soda lake, Kenya) [170] are other members of this genus.
Salinarchaeum laminariae (isolated from brown alga Laminaria, China) [171] is the only member of the genus Salinarchaeum. Optimal growth of this species occurs at 37 C, 3.1-4.3 M NaCl and pH 8-8.5.
Uncategorized haloarchaea
Besides the above-mentioned genera, there are a few haloarchaeal genera that have not yet been categorized. Table 2 summarizes some information about these halophilic archaea.
HALOPHILIC ENZYMES -POTENTIAL INDUSTRIAL APPLICATIONS
Organic chemical synthesis processes are known for their accuracy and for the purity of their final products; however, they sometimes have a dangerous effect on the environment. Enzymes (biocatalysts), on the other hand, often have better chemical precision, leading to decreased secondary reactions and more efficient production of single stereoisomers with a lower environmental footprint [172] .
Currently, microbial enzymes are widely used in various industrial fields. In addition to the advantages mentioned above, the energy demand for enzymatic reactions is low and some of them can function in non-aqueous media, which is especially interesting for compounds with restricted solubility. In line with the application of enzymes in various biotechnological and industrial processes [173] , the number of investigations aiming to find more efficient biocatalysts which can cope with harsh industrial process conditions has increased in recent years. Extremophilic enzymes, also referred to as extremozymes, are the best option to catalyze reactions in harsh industrial conditions, and they could produce new biotechnological products under different extreme conditions [174] .
Extremophilic micro-organisms inhabit extreme ecosystems with high or low pH, high or low temperature, high salinity, high pressure, or various combinations thereof. Microbes equipped to resist multiple extremes are considered to be 'polyextremophiles' [175] . Because extremophiles are capable of surviving under extreme environmental conditions, it is assumed that their enzymes have been adapted to these harsh conditions. Indeed, data from a large number of isolated and characterized enzymes of extremophiles verify this hypothesis [176] . As a result, the physiology of extremophiles and their adaptation to extreme environments have received great attention in order to understand their lifestyle and explore their potential biotechnological applications, such as finding novel enzymes [177, 178] .
At high salt concentration conditions, halophilic enzymes may not need purification or sterilization for applied use, since unwanted contaminating proteins or other biomolecules are inactive under these conditions [176] . Many halophilic enzymes can work under low water activity, in the presence of organic solvents [179] and, in some cases, at high temperatures [180] . By doing the enzymatic reactions in organic solvent media, there would not be any possibility of microbial contamination or unwanted water-related reactions. Furthermore, by using organic solvents, the solubility of water-insoluble substrates would be increased and the substrate specificity of a particular enzyme could be altered to a desirable substrate [181] .
Enzymes from some halophilic micro-organisms exhibit optimal activity at high salinities and could therefore be used in many harsh industrial processes where the concentrated salt solutions would otherwise inhibit many enzymatic conversions [182] . Because of the activity and stability of these enzymes under high salt concentrations and in dry environments, these proteins may serve as model proteins for studying the biochemical and structural features of proteins that exist in such extreme conditions [183, 184] .
Although halophilic enzymes are active under many extreme conditions, more stable enzymes are required for use in harsh industrial processes. Immobilization of biocatalysts is a useful strategy to stabilize enzymes against factors such as temperature or organic solvents. This method also confers other advantages, such as increasing the quality of enzyme products, activity and specificity; moreover, it protects them against inhibitors, decreases enzyme denaturation probability during operational processes and lowers costs [185, 186] . Different haloenzymes from haloarchaea have been immobilized on various supports and some improvements have been achieved. The immobilization of an a-amylase from Hbt. salinarum (halobium) on calcium alginate increased the enzyme stability [187] ; the immobilization of alcohol dehydrogenase from Hfx. volcanii on epoxy Sepabeads stabilized the enzyme and improved its tolerance to organic solvents [188] ; and the immobilization of a lipase from Haloarcula sp. G41 on an anion exchange resin was carried out to produce biodiesel in a reaction mixture containing soybean oil, methanol, tert-butanol and water [189] .
HIGH-SALT ADAPTATION OF HALOENZYMES
The final structure and function of a particular protein is determined by interactions between the core and surface Natribaculum longum 2.6 7-7.5 37 Saline soil, China [341] residues of a protein and the solvent in which the protein is dissolved [174, 183] . Hydrophobic residues are pushed into the interior of the protein by entropy and hydrophilic residues remain on the surface and bind to water molecules to make a hydration layer around the protein, which causes surface tension. This tension folds the proteins into a globular conformation to minimize surface energy, and any addition of inorganic salts to the solvent that alters the surface tension will affect this conformation. Most inorganic salts increase the surface tension of water to varying extents according to their position in the Hofmeister or electroselectivity series, which is based on the order of potency of different ions to salt-out proteins [190] . 'Salting out' or kosmotropic salts increase protein stability, but, at high salt concentrations, they favour precipitation. In contrast, 'salting in' or chaotropic salts favour solubility and unfold the protein at high concentrations [191] . Both NaCl and KCl are salting-out salts that remove water molecules from the protein [190] and, at high concentrations, unsuitable interactions between salt ions and protein result in a salting-out behaviour [192] .
Hydration of proteins is necessary for them to function and maintain their structure. A high concentration of ions in salt solutions reduces both water activity and available water molecules, which are required for making a water layer around proteins [193] . The special amino acid compositional features of halophilic proteins are the key reasons for their high solubility in aqueous solutions containing high salt concentrations and their resistance to organic solvents [194] . Acidic residues are more abundant on the surface of halophilic proteins in comparison with their non-halophilic counterparts. These negatively charged residues compete with salt for hydration [195] and accumulation of water molecules around the halophilic proteins prevents their aggregation, even at high salt concentrations [193] . It has been shown that there are more acidic residues (especially aspartic acid) than basic ones on a halophilic protein surface, which explains the acidic nature of halophilic proteins. The difference between the ratios of the acidic and basic residues is lower in the interior of halophilic proteins [196] . In addition, fewer residues with bulky hydrophobic side chains on their surface and the formation of salt bridges between residues affect a halophilic protein's structure and folding in a positive way, leading to improved stability at high salt concentrations [197] .
The adaptations that halophilic proteins have acquired to cope with the high salt concentrations present inside or outside haloarchaeal cells cause difficulties during the overexpression of these proteins in E. coli -a common heterologous host used for expressing recombinant proteins. Low salt concentrations inside the E. coli cells affect correct folding of haloarchaeal proteins and may lead to aggregation of them. Using a haloarchaeon as a host to overexpress halophilic proteins solves this problem. Genetically manipulated Hfx. volcanii H1209 and its specific vector, pTA963, have been developed to overexpress haloarchaeal proteins under similar conditions to their native host [198] . Sometimes it is possible to overexpress haloenzymes in E. coli as a mesophilic host and then refold the recombinant enzyme in vitro. For this purpose, the recombinant enzyme in the form of inclusion bodies (insoluble) should be unfolded by using 8 M urea and refolded by incubating the protein solution in refolding buffer containing NaCl (or KCl) [199] . In cases where the recombinant enzyme is soluble but inactive, the protein solution should be dialyzed against the buffer containing NaCl (or KCl) to gain its natural active folding [200] .
There are some studies that report the role of Ca 2+ in halophilic protein folding and stabilization [197] . For example, an amylopullulanase from Halorubrum sp. strain Ha25 showed activity in the presence of CaCl 2 , even when NaCl was completely removed from the enzyme solution [201] . This shows that Ca 2+ could replace Na + with almost the same effect.
HYDROLYTIC HALOENZYMES IN HALOARCHAEA
During the past few years, a number of haloenzymes have been used as robust biocatalysts in harsh industrial processes. Here, we give an overview of the properties and potential industrial applications of some important haloenzymes, including proteases, amylases, lipases and esterases, b-xylanases and b-xylosidases, b-galactosidases, chitinase, cellulase, agarases and restriction enzymes.
Proteases
Proteases are an important group of hydrolytic enzymes that have the ability to degrade proteins; they are found in plants, animals and micro-organisms [202] . Proteases are used as enzymes in food processing (e.g. meat tenderization) and in the leather, pharmaceutical and detergent industries, as well as in biotechnological fields and bioremediation processes (e.g. waste treatment) [203] [204] [205] .
Proteases used as detergent additives should be active against different denaturing substances such as surfactants or bleaching agents [203] . Halophilic proteases with adaptation to extreme environments [206] are the most widely utilized enzymes in food processing and in the leather and detergent industries [195] .
The biochemical properties of some haloarchaeal proteases have been determined (Table 3 ) and, in a few cases, the protease-encoding genes have been identified, which can be helpful to improve our understanding of the nature of halophilic proteases [207] . Among these enzymes, the protease from Hfx. lucentensis VKMM 007 not only was stable against different polar and non-polar solvents (polyethylene glycol, ethanol, butanol, acetone, DMSO and xylene), retaining more than 50 % of its original activity, but its activity was also increased in the presence of 25 % ethanol [202] . Moreover, the solvents hexane and toluene showed a stimulating effect on the purified protease activity from Halobacterium sp. [204] and ethanol showed no inhibitory effect toward the protease activity isolated from Halobacterium sp. strain HP25 [208] .
The serine protease from Hbt. salinarum (halobium) ATCC 43214 with the ability to synthesize peptides, especially glycine-containing peptides, requires 4 M NaCl for optimum catalytic activity and stability in aqueous solutions. The addition of organic solvents stabilized the enzyme in low-salt media [209] . The stabilization of haloenzymes by adding organic co-solvents while lowering the required salt concentration has practical importance since, in this way, the corrosive nature of high NaCl concentrations can be avoided [210] . For instance, the recombinant protease from Nab. magadii showed higher stability in media with low salt concentration in the presence of DMSO [211] .
The protease from Nmn. pharaonis is one of the few exceptions with remarkable enzyme activity in the absence of salt, which makes this protease a good option as a detergent additive. In addition, this protease is highly similar to a vertebrate's chymotrypsinogen B (the precursor of chymotrypsin B), which suggests that haloarchaea or their predecessors likely participated in early endosymbiontic events [212] .
Optimization of culture conditions such as pH, temperature, salinity, incubation time, nutrients, etc. in enzyme production has been reported for some haloarchaeal proteases such as those produced by Nab. magadii [213] , Halobacterium sp. Js1 [214] , Halorubrum ezzemoulense ETR14 [215] and Halogeometricum sp. TSS101 [216] .
The genes encoding the secreted proteases from the haloalkaliphilic archaea Nab. magadii (GenBank accession number: AY804127) [211] , Hfx. mediterranei (GenBank accession number: D64073) [217] , Natrinema sp. J7 (previously named Hbt. salinarum J7; GenBank accession number: AY800382) [207] and Natrialba asiatica (GenBank accession number: D90432) [218] were cloned and expressed in Hfx. volcanii. Optimum activity for the recombinant protease from Nab. magadii was at pH 10 and 1.5 M NaCl [211] and for the recombinant protease from Natrinema sp. J7 it was at 50 C, pH 8 and 2.5 M NaCl [207] .
Amylases
Amylases are starch-hydrolyzing enzymes found in archaea, bacteria and eukarya, with three well-known members: aamylases, b-amylases and glucoamylases (alternative names: glucan 1,4-a-glucosidase; amyloglucosidase) [219] . a-amylases (aÀ1,4-glucan-4 glucanohydrolases, EC 3.2.1.1) belong to family 13 of the glycosyl hydrolases and are endoamylases that hydrolyze internal aÀ1,4-glycosidic linkages in starch, glycogen and other related carbohydrates to produce glucose, maltose, maltotriose and other oligosaccharides [179, 220, 221] . a-amylases are well-known enzymes with various applications in the food, textile, paper, detergent and pharmaceutical industries [182] . Because of difficulties in the purification of halophilic enzymes [222] , few a-amylases have been purified and characterized from halophilic archaea until now (Table 4 ) [223] .
The stability and activity of some halophilic amylases is dependent on the presence of NaCl, as they lose their activity at low ionic conditions. For instance, the amylase isolated *In the presence of 3 M NaCl, Halobacterium protease shows maximal activity for Pyr-Ala-Ala-Leu-pNA hydrolysis at 37 C and pH 7.2. †Values are the ranges in which proteases showed activity. from Natronococcus amylolyticus has no activity in a lowionic-strength solution [222] . In some cases, organic solvents could play a similar role to sodium ions and support halophilic amylase activity and stability, as was shown for the amylase isolated from Haloarcula sp. S-1, which was active in the presence of chloroform at low salt concentrations [224] . In comparison with amylases that become inactive in the absence of salt, some amylases from haloarchaea remain active independently of salt presence. For example, the a-amylase (AmyH) from Har. hispanica retained its activity in the absence of salt, which differentiates AmyH from most other haloarchaeal a-amylases [223] .
Some haloarchaea produce detergent-stable enzymes. For example, Haloferax sp. HA10 produced an extracellular detergent-stable a-amylase with a molecular mass of 66 kDa in a culture medium containing 3 M NaCl. A partially purified enzyme showed optimal activity at 55 C, pH 6 and 1 M NaCl [225] . In another survey to study amylases, an a-amylase gene from Natronococcus sp. Ah-36 was cloned and expressed in Hfx. volcanni [226] .
Glucoamylase (amyloglucosidases E.C. 3.2.1.3) is a member of the amylases that hydrolyze a,1-4 and a,1,6 linkages of starch molecules to produce glucose. Its commercial applications include production of high glucose syrup and dextrose for confectionary and pharmaceutical industries [227] . Halobacterium sodomense produces a glucoamylase that consists of two different subunits with molecular masses of 72 and 82 kD, and which requires high salt concentrations for its activity [228] .
Pullulanases (pullulan 6-glucanohydrolase, EC 3.2.1.41) are debranching enzymes and are classified as types I, II (amylopullulanase) and III, depending on their ability to degrade glycosidic linkages from different substrates such as starch, amylopectin and pullulan [229] .
There is an example of extracellular halophilic organic-solvent-tolerant amylopullulanase produced by Halorubrum sp. strain Ha25 that is also the first report of amylopullulanase production by halophilic bacteria and archaea. The molecular mass of the purified enzyme was estimated to be about 140 kDa. This enzyme was active on pullulan and starch as substrates. The optimum temperature for both amylolytic and pullulytic activity was 50 C. This enzyme was active over a wide range of NaCl concentrations (0-4.5 M) and showed more stability in the presence of nonpolar organic solvents than polar solvents [230] .
Lipases and esterases
Esterases (EC 3.1.1.3) and lipases (EC 3.1.1.1) are two classes of hydrolases, according to their substrate specificity. Lipases preferentially hydrolyze long-chain fatty acid triglycerides to fatty acids and glycerol [231] , whereas esterases usually hydrolyze water-soluble esters, including triglycerides with short-chain fatty acids [232] .
Lipases and esterases are among the most important biocatalysts for biotechnological applications. Lipases are used in various fields, such as fat hydrolysis, inter-or transesterification, and organic biosynthesis. Lipases are used in the paper, dairy, leather and pharmaceutical industries, as well as in detergents as additives [233] .
It is desirable for lipases to remain active in media containing organic solvents in order to enhance synthesis reactions by providing a low-water environment for enzyme activity. Many lipases lose their activity under these conditions and, therefore, efforts are being made to obtain lipases that remain active [234] . It has been proposed that esterases and lipases from extremophiles are suitable candidates for applications in the above-mentioned harsh reaction conditions [235] .
An extracellular lipase (45 kDa) isolated from Haloarcula sp. G41 displayed its maximum activity at 70 C, pH 8 and 2.6 M NaCl. The enzyme was stable and active against water-immiscible organic solvents and the immobilized enzyme was able to produce biodiesel in a reaction mixture containing organic solvents [189] .
Har. marismortui produced different intra-and extracellular lipases and esterases showing optimum activity at 45 C. Two different esterases from this haloarchaeon showed maximum activity at 0.5 and 5 M NaCl and lost half of their activity in the absence of salt [236] . The esterase-encoding lipC gene from Har. marismortui was cloned and overexpressed in E. coli, and the recombinant protein (Hm EST) with a molecular mass of about 50 kDa was purified. The recombinant esterase activity was quite dependent on NaCl or KCl and its folding was lost in the absence of salts, which was partially reversible by adding KCl [235] .
Natronococcus sp. strain TC6 produced a thermostable lipase with optimum activity at 4 M NaCl, 50 C and pH 7, without any activity in the absence of salt. The enzyme showed thermal stability and retained more than 90 % of its original activity after incubation at 50 C for 60 min [234] .
Halobacterium sp. NRC-1 produced an extremely halophilic and thermophilic esterase (optimal activity at 5 M NaCl and 80 C). The effects of pH, temperature and salt concentration on the growth rate and production of esterase by the haloarchaeon were studied. The maximal growth rate for Halobacterium sp. NRC-1 was 0.136 h À1 (at 4.2 M NaCl, pH 6 and 44 C) and optimum esterase production was 1.64 U l À1 (at 4.6 M NaCl, pH 6 and 30 C) [237] .
The isolation of salt-dependent and temperature-tolerant lipases and esterases from five halophilic archaeal strains (from different hypersaline environments in Turkey) has been reported. The highest esterase activity from these strains was obtained at pH 8-8.5 , temperatures between 60-65 C and 3-4.5 M NaCl. The parameters for the highest lipase activity were found to be pH 8, C and 3.5-4 M NaCl [238] .
b-xylanases and b-xylosidases Xylans are a major component of hemicellulose, the second most abundant renewable polysaccharide after cellulose in nature [239, 240] . The main chain of xylans is composed of bÀ1,4-linked D-xylopyranosyl blocks and has different densities of branches of L-arabinofuranose, D-glucuronic acid or 4-O-methyl-D-glucuronic acid, depending on the xylan source [239] . b-xylanases (bÀ1,4-D-xylan xylanohydrolase, EC 3.2.1.8) and b-xylosidases (1,4-b-D-xylan xylohydrolase, EC 3.3.1.37) are involved in the hydrolysis of the xylan [241] . Xylanases hydrolyze xylans to produce mixtures of xylooligosaccharides which can be the substrates for bxylosidases for further hydrolysis [242] .
Interest in xylanolytic enzymes has increased recently [240] because of their applications in the bleaching of paper pulp [243] , the clarification of fruit juices, the processing of animal food to increase digestibility [220] , the improvement of bread quality [244, 245] , and the production of bioethanol and biodiesel from biomass [246] .
The extremely halophilic archaeon Hrd. utahensis, isolated from the Great Salt Lake, showed both extracellular bxylanase and b-xylosidase activities. The molecular masses of the two xylanolytic enzymes were determined to be about 45 and 67 kDa. Maximum activity of b-xylanase was at pH 6.5, 0.15-0.43 M NaCl, and 55 and 70 C, while for bxylosidase activity 0.15 M NaCl, 65 C and pH 7.6 were the best conditions [239] .
b-galactosidases b-galactosidases (EC 3.2.1.23), members of different glycoside hydrolase (GH) families, are applied for the synthesis of galacto oligosaccharides from the lactose used in probiotic foodstuffs [247] and hydrolysis of lactose in milk and whey to produce lactose-free dairy products for lactoseintolerant individuals [248] .
A b-galactosidase was purified from Hfx. alicantei that displayed maximal activity at 4 M NaCl and, interestingly, showed activity in the absence of salt when sorbitol was present [249] .
The bga gene encoding a polyextremophilic b-galactosidase from the cold-adapted haloarchaeon, Hrr. lacusprofundi, was expressed in Halobacterium sp. NRC-1. The recombinant b-galactosidase was active over a wide temperature range from À5 to 60 C. The enzyme displayed optimal activity at 4 M NaCl or KCl and 50 C. Besides the characteristics, the recombinant enzyme was stable and active in low water conditions in 10-20 % alcohol-aqueous solutions (methanol, ethanol, n-butanol and isoamyl alcohol) [250] .
Cellulases
Cellulases hydrolyze cellulose to smaller units: glucose, cellobiose and celloolygosaccharids. Endocellulases (alternative name, endoglucanases; EC 3.2.1.4), exocellulases (alternative name, exoglucanases; EC 3.2.1.91) and b-glucosidase (EC 3.2.1.21) are major cellulolytic enzymes used in the textile, paper, detergent and food industries [251] .
A purified endoglucanase (36 kDa) from Haloarcula sp. G10 showed optimal activity at pH 9, 60 C and 3 M NaCl. The enzyme was considered to be a thermostable, alkalistable and halostable endoglucanase, because of its activity over broad ranges of pH values (7) (8) (9) (10) , temperature (40-80 C) and NaCl concentration (2.1-4.7 M) [252] . Another cellulase isolated from Haloarcula sp. LLSG7, with optimal activity at 50 C, pH 8 and 3.4 M NaCl, was active between C, pH 7-11 and 3-5 M NaCl [253] . There is one other report on cellulase production by Haloarcula sp. 2TK2, with maximum enzyme activity at 2.5 M NaCl, pH 7 and 25 C. Immobilization of cells from this strain to alginate beads was a way to protect the cells against enzyme inhibitors and enhanced cellulolytic activity of the enzyme, in comparison with free cells. The immobilized cells could be used for bioremediation of hypersaline waste waters contaminated with cellulose [254] . Har. vallismortis and Halobacterium piscisalsi isolated from two Argentinean salterns, Colorada Grande and Salitral Negro, are other cellulolytic haloarchaea [255] .
Chitinases Chitinases (EC 3.2.1.14) are glycosyl hydrolases that catalyze the hydrolytic degradation of chitin. Chitin, an insoluble linear polymer of N-acetylglucosamine (GlcNAc), is one of the most frequently found polysaccharides in nature. Chitinases are used to prepare protoplasts from fungi, protect plants against pathogenic fungi and produce oligosaccharides [256] .
A chitinase gene from Hbt. salinarum strain NRC-1 was cloned and expressed in Har. japonica strain TR-1. The recombinant halophilic chitinase (ChiN1) showed maximal activity at about 1 M NaCl and was stable in 1-5 M NaCl. Because of the ChiN1 activity in 0-30 % (v/v) of dimethyl sulfoxide, the ChiN1 was recommended as a good option for oligosaccharide synthesis in organic solvents [257] . In another survey, a chitinase-encoding gene from Hbt. salinarum was expressed, leading to the heterologous production of a 66 kDa protein in E. coli as host. This enzyme was dependent on NaCl for its activity and retained only 20 % of its original activity in the absence of this salt. The optimum activity of the chitinase was at 1.5 M NaCl [258] .
The HschiA1 gene encoding a chitinase in Hbt. salinarum CECT 395 was cloned and overexpressed as a 66.5 kDa protein in E. coli. The purified recombinant chitinase displayed optimum activity at pH 7.3 and 40 C, with high stability over broad pH (6-8.5 ) and temperature C) ranges [259] .
A gene cluster encoding four chitinolytic enzymes (ChiA Hme , ChiB Hme , ChiC Hme and ChiD Hme ) is responsible for chitin catabolism in Hfx. mediterranei. Because of the chitinolytic activity, a whole-Hfx. mediterranei cell could be used for chitin hydrolysis in hypersaline environments [260] . A study on haloarchaeal strains isolated from hypersaline lakes displayed Halomicrobium, Haloterrigena, Natrinema and Salinarchaeum as chitinolytic haloarchaea. These haloarchaea hydrolyzed chitin as the sole carbon source in a salt mineral medium [261] .
Agarases
Agarases are enzymes that are able to hydrolize agar, which is composed of b-D-galactose and 3,6-anhydro-a-L-galactose units. According to the cleavage site of agar, agarases are classified into a-agarases (E.C. 3.2.1.158) and b-agarases (E.C. 3.2.1.81). As agarases hydrolyze agar to oligosaccharides with various activities, these enzymes have broad applications in food and cosmetics industries and in medical fields [262] .
Until now, haloarchaea with agarolytic activity were only reported from the genus Halococcus. A thermophilic and halophilic b-agarase known as Aga-HC was purified from Halococcus sp. 197A, which was the first reported agarolytic activity from archaea. After purification, the molecular mass of the enzyme was estimated to be about 55 kDa. The enzyme showed maximal activity at 3.5 M NaCl, pH 6 and a temperature of 70 C, and retained nearly 90 % of its initial activity after incubation at [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] C for 1 h [263] . A new species of Halococcus, named Hcc. agarilyticus and isolated from commercial salt, showed agarolytic activity on agar medium containing 20 % (w/v) NaCl [79] .
Restriction enzymes
Restriction enzymes are endonucleases with the ability to recognize specific nucleotide sequences and cleave both DNA strands at the identified sequences. One patent has been published for the production of a novel intracellular restriction enzyme from Hcc. acetoinfaciens FERM BP-942. The enzyme recognized 5¢-GATC-3¢ in both DNA chains and cleaved both strands between the G nucleotide and the 5¢-adjacent nucleotide. Optimal conditions for this enzyme activity were at pH 7.1-7.5, 0.175-0.3 M NaCl or KCl, and 45 C [264] .
Other hydrolytic enzymes
The production of other hydrolytic enzymes was studied qualitatively in haloarchaeal strains isolated from the AranBidgol hypersaline lake in the central desert area of Iran [265] and the Tuzkoy salt mine in Central Anatolia, Turkey. Inulinase production by Halorubrum, Haloarcula and Natrinema, DNase production by Halorubrum and Haloarcula, and gelatinase production by Haloarcula and Natrinema have been reported from the Tuzkoy salt mine and Aran-Bidgol hypersaline lake [266] .
Further studies on these enzymes, including purification and biochemical characterization, will shed light on their properties and potential industrial applications.
Miscellaneous enzymes from haloarchaea
In addition to the hydrolases discussed above, there are reports on other types of enzymes isolated from haloarchaea. Here is a brief review of these enzymes.
NADP-glutamate dehydrogenase is an enzyme that plays a role in ammonia assimilation. This enzyme, with a molecular mass of 320 kDa and optimum activity at 60 C, pH 8.5 and 1-1.5 M NaCl or KCl, was purified from Hfx. mediterranei [267] .
Glucose dehydrogenase is another dehydrogenase from Hfx. mediterranei cloned and overexpressed in E. coli. The recombinant enzyme showed a molecular mass of 79 kDa [268] .
A xylose dehydrogenase enzyme with a molecular mass of about 175 kDa was purified from Har. marismortui. The optimum conditions for maximum enzyme activity were pH 8.3, 1.5 M NaCl or KCl, and 50 C. Xylose dehydrogenase participates in xylose degradation by this haloarchaeon [269] .
Nitrate reductase is an essential enzyme for denitrifying micro-organisms, which reduces nitrate to nitrite during nitrate respiration [270] . A nitrate reductase composed of two subunits (105 and 50 kDa) was purified from Hfx. mediterranei. The enzyme showed maximum activity at pH 9, 80 C and 3.1 M NaCl [271] . In contrast to this enzyme, nitrate reductases purified from Hfx. denitrificans (two subunits of 116 and 60 kDa) [272] and Hfx. volcanii (three subunits of 110, 61, and 31 kDa) showed maximum activity in the absence of NaCl [273] . Another nitrate reductase with a molecular mass of 63 kDa was purified from Har. marismortui [274] .
Laccases are polyphenol oxidases with a wide range of substrates. The only known laccase from haloarchaea was isolated from Hfx. volcanii. The glycosylated enzyme, which showed optimum activity at 45 C and 200 mM NaCl, had a molecular mass of 75-80 kDa [200] .
Catalases are enzymes involved in electron transfers to degrade H 2 O 2 to H 2 O and O 2 . A catalase purified from Hbt. halobium showed maximum activity at pH 7 without any addition of NaCl. The molecular mass of the enzyme was determined to be 240 kDa [275] .
Histamine dehydrogenases are histamine-degrading enzymes which could be used in food industries. A histamine dehydrogenase was isolated from Nnm. gari BCC 24369 and the culture conditions for optimum enzyme production were determined [276] . Whole cells of the haloarchaeon immobilized on a Celite support were used for histamine degradation. Such immobilized cells are valuable biocatalysts and are used to reduce the histamine content in seafood [277] .
Alcohol dehydrogenases are biotechnologically important oxidoreductase enzymes that could be used in different fields such as biosensor technologies and biofuel production. The genes of two different alcohol dehydrogenases from Hfx. volcanii were cloned and overexpressed in Hfx. volcanii H1209 as a homologous host. Their molecular masses were determined to be 37.6 kDa and 37.8 kDa, respectively. Both enzymes needed alkaline pH values and KCl or NaCl for optimum activity [278] . This salt requirement for optimum enzyme activity was decreased by 50 % in a reaction mixture containing 5 % (v/v) solvent DMSO [279] . Furthermore, the recombinant alcohol dehydrogenase from Har. marismortui was very stable against DMSO. This enzyme (41.6 kDa) showed maximum activity at pH 6, 2 M KCl and 60 C [280] . Another recombinant alcohol dehydrogenase with a molecular mass of 41.3 kDa and optimum activity at pH 9, 70 C and 5 M NaCl or 4 M KCl was overexpressed in E. coli. The encoding gene of the enzyme was from Nmn. pharaonis [281] .
Glutathione S-transferases are enzymes mostly found in eukaryotes and bacteria, but there is evidence of their presence in archaea. These enzymes perform their activity by transferring glutathione to different substrates and inactivating or degrading them. Glutathione S-transferase isolated from Har. hispanica ATCC 33960 showed optimum activity at pH 9 and 25 C [282] .
The only halophilic 2-deoxy-D-ribose-5-phosphate aldolase has been isolated from Har. japonica. The encoding gene of this enzyme was cloned and overexpressed in E. coli. The optimum conditions for the enzyme activity were 1 M NaCl and 60 C. The recombinant enzyme (29 kDa) was stable against the solvents acetonitrile and DMSO. In different organisms, 2-deoxy-D-ribose-5-phosphate aldolase is involved in carbon metabolism and could be used to produce pharmaceutically active compounds [283] .
Cyclodextrin glycosyltransferases are enzymes with potential applications in baking to improve the quality of products [284] . A cyclodextrin glycosyltransferase enzyme with a molecular mass of 77 kDa was purified from Hfx. mediterranei. The enzyme displayed the highest activity at 1.5 M NaCl, 55 C and pH 7.5 [285] .
Catechol 2, 3-dioxygenase is an enzyme involved in the biodegradation of phenolic substrates. This enzyme was detected in the intracellular fraction of a haloarchaeon, strain A235. The crude enzyme showed maximum activity at pH 8, 2 M KCl and 42 C [286] .
POTENTIAL BIOTECHNOLOGICAL APPLICATIONS OF HALOARCHAEA
In spite of their high potential for biotechnological applications, there is a long way to go to fully exploit members of the Halobacteriaceae family [194] . Biotechnologically useful archaeal enzymes are of major industrial interest [179] , which is mainly due to their stability under the polyextreme conditions found in industrial processes.
Liposomes are novel drug delivery systems with growing usage. In spite of the various applications of liposomes in medicine, the conventional liposomes composed of ester lipids are susceptible to esterases, which limits their efficiency. Novel liposomes composed of ether lipids derived from haloarchaeal cytoplasmic membranes have advantages compared to ester-lipid liposomes. The haloarchaeal liposomes are chemically resistant, because of their stability over wide pH and temperature ranges, and their intrinsic resistance to enzymatic degradation, for example by esterases [287] .
Extracellular polysaccharides are polymers of sugar blocks secreted outside the producing cell with various potential industrial applications [288] . Haloarchaeal polymers could be used for biodegradable plastic production [289] and in enhanced oil recovery processes [290] .
Bacteriorhodopsin is a light energy-transducing pigment, which was first found within the purple membrane of Hbt. salinarum [291] . Bacteriorhodopsin can be used in different fields, including gene therapy and the production of artificial retinas, optical amplifiers and biosensors, because of its resistance to chemical and photochemical reactions, as well as against increased temperatures [292] . Security-ink production, optical-data storage [293] and a new expression vector comprising bacteriorhodopsin [294] are other applications of this protein.
Halocins are protein or peptide antibiotics produced by some haloarchaea [295] and only affect archaea and halophilic bacteria. Microhalocins and large halocins are the two main groups of the halocins, and they are differentiated by their molecular mass. Halocins can inhibit unwanted haloarchaeal growth in textile industries with high salt concentrations. They can also be used in medical fields for the reduction of injury in organ transplantation [296] .
Microbial synthesis of nanoparticles is an environmentally friendly procedure with many benefits over physical and chemical synthesis methods. Silver nanoparticles with applications in optical receptors and electrical batteries are produced by the haloarchaeon Hcc. salifodinae BK6 [297] .
Gas vesicles are organelles found in both bacteria and archaea that modulate buoyancy of these organisms in the water column. Halobacterium is a haloarchaeal model for gas-vesicle studies and different works have focused on proteins such as GvpC, which is involved in gas-vesicle synthesis. It is proposed that manipulation of the gvpC gene derived from Halobacterium sp. NRC-1 may be used in biotechnology (for example antigen display technology) to express proteins and antigens in the form of GvpC fused to the surface of gas vesicles [298] .
One of the most important applications of haloarchaea in biotechnology is the bioremediation of xenobiotics. Industrial processes such as oil or gas recovery produce saline wastewater [299] . Due to the tolerance of halophilic microorganisms to salt and organic contaminants, they can be used to treat contaminated saline soils, toxic effluents and hydrocarbon-polluted environments [300] . For example, Hfx. mediterranei is capable of using oil as its sole carbon and energy source [301] and Natrialba sp. strain C21 grows on the aromatic coumpounds phenol, naphthalene and pyrene as the sole carbon source [302] . Therefore, these organisms could be good choices for treatment of hydrocarbon-polluted saline environments.
Haloarchaea could also be used in the production of fermented food such as fish sauce, a traditional fermented food in the Far East. To produce fish sauce, a large amount of salt is added to fish as part of a long fermentation process. Growth of members of the Halobacteriaceae family with the ability to live at such high salt concentrations and their secreted protease leads to the special flavour of this food [299] .
CONCLUSION
Halophiles are one of the most important groups of extremophiles, with potential industrial and biotechnological applications. Haloenzymes, especially those from haloarchaea, are also attractive from a fundamental perspective because of their structure and mechanism of action in the presence of high salt concentrations and, in some cases, in the presence of solvents. These findings can be used to introduce new enzymes to industry and engineer regular enzymes to improve their stability under harsh industrial conditions, especially low water activity as a result of high salinity or the presence of different solvents.
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